The crystal structure of a cytochrome c peroxidase mutant where the distal catalytic His52 is converted to a Tyr reveals that the tyrosine side chain forms a covalent bond with the indole ring nitrogen of Trp51. We hypothesize that this novel bond results from peroxide activation by the heme iron followed by oxidation of Trp51 and Tyr52. This hypothesis has been tested by incorporation of a redox-inactive Zn-protoporphyrin into the protein, and the resulting crystal structure shows the absence of a Trp51-Tyr52 crosslink. Instead, the Tyr52 side chain orients away from the heme active site pocket, which requires a substantial rearrangement of residues 72-80 and 134-144. Additional experiments where heme-containing crystals of the mutant were treated with peroxide support our hypothesis that this novel Trp-Tyr cross-link is a peroxide-dependent process mediated by the heme iron.
Introduction
Baker's yeast (Saccharomyces cerevisiae) cytochrome c peroxidase (CcP) [ferrocytochrome c: hydrogen peroxide: oxidoreductase, EC 1.11.1.5] is a mitochondrial intermembrane space protein of M r = 32,240 daltons 1 where it most likely functions to protect the organism against high concentrations of hydrogen peroxide 2 . CcP catalyzes the two-electron reduction of peroxide to water in a multi-step reaction cycle as follows: -O and as an amino acid free radical located on Trp191 [3] [4] [5] [6] . This oxidized state, designated Compound I, has a half-life of several hours in the absence of reductant 7 . Compound I then is reduced by cyt. c (Fe  2+ ) back to the resting state in two successive one-electron transfer reactions. One remarkable aspect of this electron transfer reaction is that the heme edges of the redox partners remain separated by no less than 18 Å, as revealed by the crystal structure of the non-covalent complex 8 .
A unique feature of the CcP reaction cycle is the formation of a stable Trp cationic radical in Compound I 4 . Trp191 lies parallel to and in contact with the proximal heme ligand, His175, situated just beneath the heme. Trp191 is also essential for CcP activity and critical for long-distance electron transfer reaction from cyt. c to CcP [9] [10] [11] [12] . Thus, the Trp191 radical constitutes an electron transfer gate that allows the controlled reduction of peroxide, a two-electron oxidant, by cyt. c, a one-electron reductant. Although details of 6 how electrons are transferred from reduced cyt. c to CcP are unclear, the crystal structure of CcP-cyt. c complex does indicate that cyt. c binds near the 190-195 loop region of CcP 8 . The CcP-cyt. c co-crystal structure 8 together with a wealth of biochemical data indicates that each electron delivered from ferrocyt. c is accepted by the Trp 191 cationic radical 13, 14 which explains why Trp191 is essential for activity 15 .
In the present investigation we have made a mutant variant of CcP by replacing the distal His 52 , a residue which functions as an acid-base catalyst in the reaction with peroxide 16 , to Tyr as part of a project to engineer novel enzyme activities into CcP. The crystal structure of H52Y reveals an unprecedented Trp-Tyr covalent cross-link. Structural details, a proposed mechanism of covalent cross-link formation, and its implications are the topics of this paper.
Results
Overall protein fold and comparison with the wild-type CcP:
The overall structure of CcP is shown in Fig. 1 together with key regions relevant to this study highlighted. The first data set analyzed using chunky crystals, where the cross-link was first observed, is designated H52Y1. All essential features of the secondary structure of H52Y1 resembled that of wild-type CcP. However, dramatic and unexpected changes were observed in the active site. The initial electron density maps showed continuous density between the Trp51 indole ring NE1 atoms and CE1 of Tyr52 ( Fig. 2A) . When non-bonded contact restraints between Trp51 and Tyr52 were not included in the refinement, the indole ring was oriented such that its NE1 atom was located less than 1.6
Å from CE1 atom of phenyl ring of Tyr52. This distance is, within experimental error, what is expected for a C-N covalent bond (1.48 Å) 17 and precludes a non-covalent
interaction. As refinement progressed 2F o -F c composite omit maps continually revealed a clear connection between Trp51 and Tyr52 with electron density as strong as any other covalent bond along the main chain.
In addition to the Trp51-Tyr52 cross-link, there also were other smaller changes in the active site. The cross-linked mutant is hexa-coordinate with a water molecule serving as the sixth heme ligand at a distance of 1.95 Å from the iron. Arg48 (Fig. 1) , which is thought to participate in the catalytic cleavage of the peroxide O-O bond 16 , occupies a single 'out' conformation towards the heme propionates while in wild-type CcP Arg 48 occupies both the 'out' conformation and 'in' conformation closer to the heme iron.
Structure of Zn-porphyrin H52Y:
It seemed likely that the cross-link was the result of a redox-linked process involving the heme iron and peroxide or other contaminating oxidants. To test this hypothesis apo-CcP was reconstituted with the redox-inactive Zn-porphyrin and crystallized. The Znporphyrin crystals grew in both the chunky and plate forms. Both forms are in space group P2 1 2 1 2 1 with similar unit cell dimensions ( Table I) . The data set used to solve the structure employing plate crystals is designated ZnH52Y ( Table I) .
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As expected the Trp51-Tyr52 cross-link did not form in ZnH52Y (Fig. 2F) Å. We also observed a large lobe of electron density extending off the -meso edge of the porphyrin indicating a covalent C-O bond (Fig. 4) . We suspect this modification might be the result of the enhanced photosensitivity of Zn-protoporphyrhin IX leading to photo-oxidation of the relatively labile -meso carbon. 
Structures of Peroxide Treated Crystals
Unfortunately the older batch of MPD no longer is available and hence, this hypothesis cannot be directly tested. Nevertheless, if peroxide is responsible for the cross-link then treating H52Y crystals with peroxide should show formation of the cross-link. Crystals were soaked in mother liquor (35% MPD in 50 mM KPB, pH 6.0) containing 10 mM hydrogen peroxide for 1 h followed by washing in peroxide-free mother liquor to remove excess peroxide before X-ray data collection. A crystal from the same drop used to obtain the H52Y6 structure was treated with peroxide, data collected, and the structure solved. This structure, designated H52Yper, clearly showed formation of the cross-link (Fig. 2C) . Crystals containing Zn-porphyrin crystals could withstand a freeze-thaw cycle so here it was possible to collect a set of data, thaw the crystal, treat with peroxide, and collect a second data set. A comparison of the ZnH52Y (peroxide-free) and ZnH52Yper To understand the variation of strain energy with bending of the NE1 Trp -CE1 Tyr linkage, a series of calculations were done at the semi-empirical level using AM1 methods on an analogously coupled indole-arene model (Fig. 6) . The gas-phase energies were calculated as the N-C bond was varied from 0° to 60° relative to the dihedral angle of the indole and arene rings (Fig. 6) . Crystallization: Diffraction quality crystals of Fe-containing as well as Zn-porphyrin H52Y were prepared in 30% 2-methyl-2,4-pentanediol (MPD), 50 mM potassium phosphate, pH 6.0 (KPB) or 50 mM Tris-phosphate, pH 6.0 according to Edwards and
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Poulos 40 as later modified by Sundaramoorthy et al. 41 . Drops containing 500 • (~1 6 M (~16 mg/mL) protein, 50 mM KPB or tris-phosphate, pH 6.0 and 18% MPD were equilibrated against 30% MPD at 4°C. Drops were touch seeded from previously grown CcP crystals and incubated at 4°C until crystal growth was complete (2-4 days). 0.2 mm crystals from touch seeding were used for X-ray data collection. This smaller size crystal was necessary for better cryogenic freezing and to avoid twinning during crystal growth.
Crystals were mounted in nylon loops and frozen directly in a cryo-stream held at 121 K.
The Fe-containing H52Y crystallized in two forms, chunky (regular wild-type like) and as plates, both of them in the space group P2 1 2 1 2 1 , but with different unit cell dimensions ( Table I) . The Zn-porphyrin H52Y also crystallized in the same two forms belonging to space group P2 1 2 1 2 1 , but both forms crystallized with similar unit cell dimensions ( Table   I ).
To form this Trp-Tyr cross-link in the crystal, crystals were soaked in mother liquor (35% MPD, 50 mM Tris-phosphate, pH 6.0) containing 10 mM hydrogen peroxide for 1 h followed by soaking in 35% MPD in 50 mM Tris-phosphate, pH 6.0 to remove excess peroxide before using the crystal for X-ray data collection. X-ray diffraction data of resting and peroxide-treated crystals could be obtained from the same crystals for Znporphyrin H52Y since one form of these crystals could withstand a freeze-thaw cycle.
After data collection, crystals were thawed in mother liquor (35% MPD, 50 mM Trisphosphate, pH 6.0) containing 10 mM hydrogen peroxide for 1 h followed by soaking in 35% MPD in 50 mM Tris-phosphate, pH 6.0 to remove excess peroxide followed by freezing and data collection.
X-ray data collection and reduction: All X-ray diffraction data of resting state and
Compound I of H52Y were collected at cryogenic temperatures in a stream of liquid nitrogen. Since CcP crystals are grown from solutions containing MPD, there was no need for the addition of cryo-solvents. All X-ray intensity data of all forms of heme and Zn-porphyrin crystals were obtained 'in-house' using a Rigaku R-AXIS IV image plate system with a Rigaku rotating anode operating at 100 mA and 50 kV equipped with Osmic optics. A single crystal was used for each dataset. Initial image processing, indexing, and integration were performed with DENZO (version 1.9.1), and the integrated data were averaged and scaled with SCALEPACK 42 . The X-ray intensity data from Znporphyrin containing H52Y crystals were processed, indexed, integrated and scaled with XENGEN 43 . Statistics from data processing of all datasets are listed in Table I .
Structure solution and refinement: The H52Y mutant crystallized in two forms: the usual chunky crystals and a new form shaped like plates. The regular chunky crystal form of H52Y, which we have termed the H52Y1, is isomorphous with wild-type crystals 44 . The structure of resting wild-type CcP refined to 1.2 Å using data collected at the Stanford Synchrotron Research Laboratory (SSRL, unpublished) was the starting model for refinement. Rigid body refinement (RBR) was followed by slow-cool simulated annealing minimization with CNS (version 1.1) to remove phase bias and the remaining refinement cycles were performed using conjugated gradient minimization and
B-factor refinement with CNS (version 1.1) 45 . Approximately 5% of the data was
omitted from the refinement and used as a test set 46 and the same set of test reflections
was maintained throughout refinement. Individual but restrained B-factors were refined in CNS (version 1.1) 45 . To obtain parameters for the novel C-N bond between the mutant Tyr52 side chain and Trp51, a small molecule model of the cross-link was energy minimized using semi-empirical calculations and the bond parameters derived from these calculations were used as restraints in CNS. These calculations gave a C-N bond distance Those regions which undergo the most significant change in structure are highlighted as thickened lines. 
